Background: Daily aspirin use has been recommended for secondary prevention of cardiovascular disease, but its use for primary prevention remains controversial. Methods: We followed 440,277 men and women from the NIH-AARP Diet and Health Study (ages 50-71) and the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (ages 55-74) for mortality for 13 years on average. Frequency of aspirin use was ascertained through self-report, and cause of death by death certificates. We calculated multivariate hazard ratios (HRs) and 95% confidence intervals (CIs) for mortality using Cox proportional hazards models for each cohort and combined by meta-analysis. Results: We found a consistent U-shaped relationship between aspirin use and mortality in both studies, with differential risk patterns for cardiovascular mortality by disease history. Among individuals with a history of cardiovascular disease, daily aspirin use was associated with reduced cardiovascular mortality [HR = 0.78 (95% CI, 0.74, 0.82)]. However, among those without a previous history, we observed no protection for daily aspirin users [HR = 1.06 (1.02, 1.11)], and elevated risk of cardiovascular mortality for those taking aspirin twice daily or more [HR = 1.29 (1.19, 1.39)]. Elevated risk persisted even among participants who lived beyond 5 years of follow-up and used aspirin without other nonsteroidal antiinflammatory drugs [HR = 1.31 (1.17, 1.47)].
M
illions of individuals worldwide take aspirin with approximately 40% of the US population over age 40 years consuming aspirin regularly. 1, 2 In randomized controlled trials, daily use of aspirin has been demonstrated to reduce cardiovascular disease incidence and mortality and all-cause mortality among individuals with established cardiovascular disease 3, 4 ; however, prophylactic use of aspirin for individuals without a history of cardiovascular disease remains controversial. 5 Whereas the American College of Chest Physicians 6 and the US Preventive Services Task Force (USPSTF) 7 support the use of aspirin for primary prevention among select groups, the European Society of Cardiology 8 and the US Food and Drug Administration (FDA) 9 recommend against the use of aspirin for primary prevention of cardiovascular disease, largely due to a lack of mortality benefit and increased risk of major bleeding. Randomized trial data show that daily use of aspirin is associated with a small reduction in cardiovascular incidence but no substantial reduction in cardiovascular mortality or all-cause mortality, [10] [11] [12] [13] which may be partially due to an increased risk of fatal hemorrhagic stroke. 10 The risks and benefits of aspirin for cancer prevention and cancer mortality are also unclear. Although a reduction in risk has been reported for colorectal cancer incidence, 14 the evidence supporting the benefit of aspirin therapy for overall cancer incidence and mortality based on randomized trials is inconsistent. 12, 13, [15] [16] [17] In making public health recommendations, experts have been divided between the potential benefit of aspirin for cardiovascular and colorectal cancer incidence and the potential harms, such as clinically important bleeding in the brain and stomach. 18, 19 Risk-benefit evaluations across major causes of death in randomized trials and large-scale population-based cohort studies, which can provide evidence across a broader range of use, are important in guiding decisions about aspirin therapy for patient subgroups and for policy decisions. To date, randomized trials of aspirin have largely focused on daily or every-other-day use. Much less is understood regarding the risks and benefits of aspirin use more than once daily, which is of considerable public health importance, given its extensive use and reported overutilization in many western societies. [20] [21] [22] We evaluated the association between aspirin use and the risk of all-cause, cardiovascular, and cancer mortality across a range of frequencies in 2 large contemporary prospective cohorts in the United States.
Aspirin Use and Mortality in Two Contemporary US Cohorts

METHODS
Study Populations
The National Institutes of Health (NIH)-AARP Diet and Health Study is a large cohort study initiated between 1995 and 1996. 23 A baseline questionnaire regarding demographic and lifestyle characteristics was mailed to 3.5 million members of AARP (formerly known as the American Association of Retired Persons) ages 50-71 years who resided in 1 of 6 states (California, Florida, Pennsylvania, New Jersey, North Carolina, and Louisiana) or 2 metropolitan areas (Atlanta, GA; and Detroit, MI). In total, 617,119 individuals returned the baseline questionnaire. A second questionnaire was mailed ~6 months thereafter to collect additional information on risk factors, including aspirin use, and was returned by 334,908 individuals. This study was limited to the participants who completed both questionnaires themselves (n = 324,522). Persons who reported poor health, a prior diagnosis of cancer, or no information on aspirin use were excluded, resulting in 297,564 participants (173,822 men, 123,742 women) for analysis. The study was approved by the Institutional Review Board of the US National Cancer Institute (NCI).
The Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial is a multicenter randomized trial designed to evaluate the effectiveness of prostate, lung, colorectal, and ovarian cancer screening for disease-specific mortality. 24, 25 The trial enrolled 154,952 subjects ages 55-74 years at 10 screening centers in the United States between 1993 and 2001. Information on demographic and lifestyle characteristics, including aspirin use, was obtained through a self-administered questionnaire at baseline. This study included participants who were randomized to either arm of the trial and completed the baseline questionnaire (n = 149,980). Individuals who reported a prior diagnosis of cancer or no information on aspirin use were excluded, leaving 142,713 individuals (72,017 men, 70,696 women) for analysis. The study was approved by the Institutional Review Boards at all 10 study centers and the NCI.
Assessment of Aspirin Use
We ascertained frequency of aspirin use by self-report at baseline (PLCO: https://biometry.nci.nih.gov/cdas/learn/plco/ early-qx/) or shortly thereafter (NIH-AARP: https://dietandhealth.cancer.gov/docs/diet_questionnaire_risk.pdf), using similar questions. Although aspirin use was also ascertained in follow-up questionnaires in both NIH-AARP and PLCO, information on the frequency of aspirin use was limited in the follow-up questionnaires and so was not incorporated into the analysis; however, overall, aspirin use was highly correlated over time in both cohorts (e.g., 80% and 77% of the NIH-AARP and PLCO participants, respectively, who were regular aspirin users at baseline reported regular aspirin use in a follow-up questionnaire administered 6-14 years later).
In both baseline questionnaires, participants were asked first about their use of aspirin or aspirin-containing products in the past 12 months and then about their frequency of use: no use (NIH-AARP) or no regular use (PLCO), infrequent use (1-3 times or pills per month), weekly use (1-6 times or pills per week), once daily use (1 time or pill per day), or more than once daily use (2 or more times or pills per day). Information on dose, duration, and indication for use was not collected in either study, although based on reports by a subset of women in the Nurses' Health Study, major reasons for taking 1-6 tablets or ≥7 tablets per week included headache (32% and 18%, respectively), arthritis or other musculoskeletal pain (30% and 50%, respectively), combined headache and musculoskeletal pain (16% and 15%, respectively), and cardiovascular disease prevention (9% and 8%, respectively). 26 In both PLCO and NIH-AARP, use of other nonsteroidal antiinflammatory drugs (NSAIDs) was also assessed, including use of ibuprofen in PLCO and a list of 19 nonaspirin NSAIDs in NIH-AARP. In addition, participants were specifically instructed not to report acetaminophen use in both studies.
Assessment of Disease History
Information on personal medical history was obtained through self-report. In NIH-AARP, personal history of heart disease, stroke, hypertension, diabetes, high cholesterol level, and other comorbidities, such as osteoporosis, emphysema, and bone fracture after age 45 years, was ascertained through baseline questionnaires administered at or shortly after enrollment. History of osteoarthritis before 1995 (enrollment) was ascertained through a follow-up questionnaire in 2004 that was completed by 67% of participants. In PLCO, all information on personal history of coronary heart disease/heart attack, stroke, hypertension, diabetes, arthritis, and other conditions such as osteoporosis, inflammatory bowel disease, diverticulitis/diverticulosis, emphysema, hepatitis, and cirrhosis was obtained through the baseline questionnaire. The validity of self-reported data has been shown to be generally high for history of cardiovascular disease, diabetes, and other diseases (e.g., 68%-92% agreement with medical records), [27] [28] [29] [30] albeit slightly lower for hypertension (e.g., 60% agreement with medical records).
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Assessment of Death Outcomes
We ascertained death information through linkage to the national death index in NIH-AARP, and a mailed Annual Study Update questionnaire followed by death certificate request and periodic linkage to the national death index in PLCO. Studies have demonstrated relatively high sensitivity (81%-91%) and low false-positive rate (14%-28%) for cardiovascular deaths from death certificates, compared to physician review of medical records, autopsy reports (if available), and other relevant information. 32, 33 Specific causes of death were classified by the International Classification of Diseases, Ninth Revision (ICD-9) in PLCO, and ICD-9 and International Classification of Diseases, 10th Revision (ICD-10) codes in NIH-AARP as follows: cancer (ICD-9 140-239; ICD-10 C00-C97, D00-D48), cardiovascular disease, including acute myocardial infarction (ICD-9 410; ICD-10 I21), stroke (ICD-9 430-438; ICD-10 I60-I69), and other cardiovascular events (ICD-9 390-404, 411-429, 440-459; ICD-10 I00-I01, I05-I13, I20, I24-I28, I31, I33-I35, I38, I40, I42, I44-I51, I70-I74, I77-I78), and all other causes.
Statistical Methods
For each cohort, we estimated hazard ratios (HRs) and 95% confidence intervals (CIs) for associations between aspirin and the mortality outcomes using Cox proportional hazards models with age as the time metric. Follow-up started at the time the questionnaire was administered and continued until death, loss to follow-up, or censoring (31 December 2011 in NIH-AARP; 31 December 2009 or the 13th year of study follow-up in PLCO), whichever came first. We evaluated the proportional hazard assumption and no violations were observed. All analyses were performed in each cohort separately and then combined in meta-analyses using fixed and random effects models with weights based on the inverse variance. As there was little evidence for heterogeneity (P > 0.01 for all models), only the fixed-effects models are presented.
Final models were adjusted for race (white, black, other), sex, smoking status (never, former, current), body mass index (BMI; <18.5, 18.5 to <25, 25 to<30, ≥30 kg/m 2 ), ibuprofen or other NSAIDs use (no use, infrequent use, weekly, 1/day, ≥2/ day), history of coronary heart disease/heart attack or stroke, history of hypertension, and history of arthritis, as they were a priori confounders and/or influenced the HR estimates by more than 10%. For PLCO, study entry date was also included to account for study protocol changes (before or after 15 April 1995). For NIH-AARP, we additionally adjusted for history of high cholesterol, but it resulted in virtually no change in the risk estimates (data not shown). For both studies, we also adjusted for a summary score of comorbidities that took into account all other reported diseases, but it also resulted in very little change in the risk estimates (data not shown). Other potential confounders, including education, physical activity, alcohol consumption, hormone replacement therapy, history of osteoporosis, and randomization arm (for PLCO) were also evaluated, but did not materially influence the parameter estimates so were not included in the final models. Effect modification by sex and smoking status was also evaluated; however, no notable differences were found for any mortality outcomes, so only results from the combined analysis are presented.
To further evaluate whether pre-existing symptoms of end-stage disease influenced self-reported aspirin use at baseline and its association with mortality, we conducted sensitivity analyses. To this end, we introduced a lag time of 5 years, such that follow-up time for cohort members within the first 5 years were removed from the analysis. To limit contamination by other NSAID use, we also evaluated associations with mortality among exclusive aspirin users, who reported no use of ibuprofen or other NSAIDs.
RESULTS
We studied a total of 440,277 participants in the NIH-AARP and the PLCO cohorts, following their mortality outcomes for an average of 13 years. During the 5,708,170 person-years of follow-up time, we identified 83,463 deaths, including 26,662 deaths from cardiovascular disease (including stroke) and 28,666 deaths from cancer, across the 2 cohorts. Loss to follow-up for mortality outcomes was low in both cohorts: <1% for NIH-AARP and 3.6% for PLCO. Over 26% of the NIH-AARP participants and 50% of the PLCO participants reported no use or no regular use of any aspirin products, respectively, with 22% and 21% reporting once daily use and 3% and 6% reporting more than once daily use, respectively (Table 1) . In both cohorts, once daily and more than once daily aspirin users were more likely to be non-Hispanic white and had a slightly higher BMI compared to nonusers of aspirin (Table 1) . Individuals who reported once daily aspirin use were more likely than nonusers to be male and report a history of heart disease/heart attack, stroke, hypertension, or diabetes, while those who reported more than once daily use of aspirin were more likely to currently smoke and report a history of arthritis.
Consistent across both cohorts, a reduction in all-cause mortality was observed for individuals who reported using aspirin weekly (combined HR = 0.87, 95% CI, 0.85, 0.89) or once daily (combined HR = 0.93 [0.91, 0.94) [ Table 2 and Figure 1] ). However, elevated all-cause mortality was observed among those who reported aspirin use more than once daily (combined HR = 1.10 [1.07, 1.14]). To evaluate whether other factors could be responsible for this elevated risk among those reporting more than once daily use, we conducted several sensitivity analyses. The observed elevation in risk remained after excluding: (1) . These sensitivity analyses suggest that the observed association with more than daily use of aspirin was not likely due to concurrent use of other NSAIDs or symptoms related to pre-existing or end-stage disease.
We also examined the 2 most common underlying causes of death, cardiovascular disease and cancer ( Adjusting for race (white, black, other), sex, smoking status (never, former, current), body mass index (BMI; <18.5, 18.5 to <25, 25 to<30, ≥30 kg/m 2 ), use of ibuprofen or other nonsteroidal antiinflammatory drugs, history of coronary heart disease/heart attack or stroke, history of hypertension, history of arthritis, and for the PLCO-specific analysis, study entry date due to protocol changes (before April 15,1995, on or after April 15, 1995 We evaluated more specific cardiovascular causes of death. Compared to nonusers, individuals taking aspirin more than once daily had an increased risk of death due to stroke (combined HR = 1.35 [1.17, 1.57]) and acute myocardial infarction (combined HR = 1.26 [1.11, 1.44] ), which was consistent across both cohorts (eTable 1; http://links.lww.com/ EDE/B262). The elevation in mortality due to stroke was not limited to hemorrhagic stroke, although number of deaths by subtype of stroke was small (e.g., n = 68 deaths due to hemorrhagic stroke among those who took aspirin ≥2/day in both cohorts combined). Number of deaths due to other bleeding problems was also too small for a meaningful analysis (e.g., n = 10 deaths due to gastrointestinal hemorrhage among those taking aspirin ≥2/day in both cohorts combined).
As randomized trials have shown a benefit for once daily aspirin use in the secondary prevention of heart disease, we also evaluated whether the association of aspirin use and cardiovascular mortality varied by disease history. Among individuals with a reported history of cardiovascular disease, daily aspirin use was associated with a 22% reduction in risk for cardiovascular mortality (combined HR = 0.78 [0.74, 0.82]), with no association observed for those taking aspirin more than once daily (combined HR = 0.93 [0.85, 1.03]) (Table 3 and Figure 2 ). However, among those without a previous history, no protective benefit was observed for daily aspirin users (combined HR = To evaluate whether the increased risk observed may be due to other cardiovascular risk factors, we further stratified by history of hypertension and diabetes (eTable 2; http://links. lww.com/EDE/B262). The associations persisted after further excluding persons with a history of hypertension or diabetes in addition to those with a history of cardiovascular disease (combined HR = 1.28 [1.14, 1.45]). Among participants with a reported history of diabetes, a reduction in cardiovascular mortality was observed for daily aspirin use among those with a history of cardiovascular disease (combined HR = 0.88 [0.79, 0.97]); however, no benefit was observed among those without a cardiovascular disease history for daily aspirin use (combined HR = 1.15 [1.04, 1.27)] and an elevated risk was observed for more than once daily use (combined HR = 1.31 [1.08, 1.57], eTable 3; http://links.lww.com/EDE/B262).
DISCUSSION
Across two large contemporary US cohort studies, we observed a consistent U-shaped risk curve among aspirin users for mortality, with a reduced risk among daily users and an increased risk in all-cause and cardiovascular mortality among individuals who reported using aspirin more than once per day. Mortality was particularly elevated among individuals without a history of cardiovascular disease and persisted after further excluding participants with hypertension and diabetes, those who died in the first 5 years of follow-up, or who concurrently used other NSAIDs. Our population-based study confirms randomized trial results on the utility of daily aspirin use for secondary prevention of cardiovascular mortality in the general population, but suggests that caution should be exercised in advocating its use in individuals without a history of cardiovascular disease, where more than once daily use of aspirin may lead to more harm than benefit.
Consistent with the 2014 FDA guideline 9 and findings from previous randomized trials for primary and secondary FIGURE 1. Risk of all-cause, cancer, and cardiovascular mortality associated with aspirin use from the combined analysis of the NIH-AARP Diet and Health Study and the PLCO Cancer Screening trial. Risks were adjusting for race (white, black, other), sex, smoking status (never, former, current), BMI (<18.5, 18.5 to <25, 25 to<30, ≥30 kg/m prevention, [10] [11] [12] [13] we found that daily aspirin use was associated with a reduction in cardiovascular mortality among individuals who reported a history of cardiovascular events, but not among those without a history. In 2016, the USPSTF updated their recommendations for aspirin for primary prevention based on an individual's estimated 10-year cardiovascular disease risk. 7 However, due to limitations on information collected, we were unable to calculate individual 10-year risk estimates using the ASCVD (Atherosclerotic Cardiovascular Disease) Risk Algorithm in our study and thus, unable to evaluate mortality by risk groups as in the revised USPSTF guidelines. In our study, we also observed a reduction in cardiovascular mortality for those taking aspirin 1-6 times per week. Although randomized trials have not observed a mortality benefit for alternate day dosing, [34] [35] [36] when these same trials were analyzed adjusting for noncompliance, a reduction in cardiovascular mortality was observed, 37 which is consistent with our findings. The Nurse's Health Study also observed a benefit at less frequent doses. 26 This is consistent with the antiplatelet effects of aspirin, which are known to last 7-10 days, and may be maximized at alternate or every third day dosing. 38, 39 The long-term effects of aspirin use more than once daily have not been studied in randomized trials and few population-based studies have examined the effects of more than daily use; however, the Nurses' Health Study did find a nonsignificant elevation in risk of all-cause, cardiovascular, and cancer mortality among relatively young women (46-year-old on average) who reported using aspirin >14 times a week, 26 which is consistent with the increased risk we observed for more than once daily use.
Aspirin, even at low doses, can have important side effects, including fatal stroke, gastrointestinal toxicity, and other bleeding complications, 18, 19 which have been shown to be dose-dependent. 40 Low doses of aspirin have been shown to be effective in reducing platelet aggregation through the inhibition of cyclooxygenase (COX)-1 and the synthesis of thromboxane A 2 . Higher concentrations of aspirin, however, can also inhibit COX-2, which synthesizes antithrombotic prostacyclins, leading to paradoxical thrombosis and vasoconstriction, counterbalancing the effect of COX-1. 11, 26, 41 Others have also suggested that aspirin at higher doses may conceal, rather than prevent, vascular events. 42 In randomized trials, 10-13 the failure of aspirin to reduce mortality among those without a history of cardiovascular disease despite a reduction in nonfatal events appears partially due to the increased risk of fatal hemorrhagic stroke. 10 Indeed, we observed an increase in mortality due to stroke (including hemorrhagic stroke although the numbers were small) and to a lesser extent acute myocardial infarction among those taking aspirin more than once daily. Others have reported that the increased risk of major gastrointestinal bleeding with aspirin use should also be taken into account in considering aspirin for primary prevention. 36 The lack of benefit for daily as well as more than daily use of aspirin among those without a history of cardiovascular disease in this study suggests that caution should be taken in advocating its use and that lifestyle modifications, such as changes in diet, physical activity, and smoking cessation, may offer more benefit than chemoprevention in the general population.
Our study was not a randomized trial and had only limited self-reported data on frequency of aspirin use. No data on dose were available that would have allowed us to examine differences by aspirin strength. However, we observed consistent findings across 2 large population-based cohorts and confirmed the results of randomized trials showing the benefit of daily aspirin for secondary prevention of cardiovascular disease mortality. Our findings for aspirin and mortality are also consistent with results from the Nurses' Health Study, 26 which used a time-varying exposure variable for aspirin use and also collected information on duration, dose, and indication for use. While some underreporting of aspirin use by self-report has been noted in other studies, reporting accuracy tends to improve with more frequent and regular use. 43, 44 As information on aspirin use was obtained prospectively in this study, any misclassification of aspirin use due to inaccurate reporting is likely to be nondifferential, leading most likely to an attenuation of the effects of aspirin. 45 Although we relied on self-reported data on comorbidities, the validity of self-reported data has been shown to be generally good for heart disease, stroke, hypertension, diabetes, and other medical conditions. [27] [28] [29] [30] [31] It is possible that the elevated mortality risks we observed were due to other conditions not captured in the questionnaires; however, the unidentified comorbidities would need to be strongly correlated with both aspirin use and mortality to have a substantial impact on our findings. Cardiovascular mortality risk estimates for individuals taking aspirin more than once daily remained elevated even after excluding deaths in the first 5 years of follow-up, minimizing the likelihood that heavy aspirin users were treating symptoms related to end-stage disease.
In conclusion, our study confirms the potential utility of daily aspirin for the secondary prevention of cardiovascular mortality, but suggests caution for its use among those without a history of cardiovascular disease. Consistent findings across 2 large cohorts suggest that more than once daily use of aspirin does not provide a reduction in mortality and may be associated with an increased risk of death, particularly among individuals without a history of cardiovascular disease. Although further studies are needed to confirm these findings, our study highlights the need to evaluate important long-term health risks of aspirin across a broad range of common use patterns and to fully consider the risks and benefits before making public health recommendations. 
